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ABSTRAC'I' 
The Middle Precambrian Virginia Formation, cut by 
diabase dikes, was intruded and contact metamorphosed by 
i 
the Late Precambrian Duluth Complex near Babbitt, Minne-
sota. Sulfide mineralization of magmatic origin, with 
minor amounts formed by hydrothermal replacement, is con-
centrated at the irregular contact zone between the Virgin-
ia Formation and the Duluth Complex. Five miles south of 
Babbitt this mineralization constitutes the Minnamax Copper-
Nickel Deposit, which is being investigated and evaluated 
underground by AMAX Exploration, Inc. 
The Virginia Formation consists of pelitic hornfels, 
calc-silicate pods, and "reaction" rims around the pods. 
The pelitic hornfels is dark gray, fine-grained, massive, 
and composed of plagioclase, hypersthene, and cordierite 
with local occurrences of orthoclase, biotite, and graphite. 
The calc-silicate pods are light gray, fine- to coarse -
grained, are spherical to ellipsoidal and range from 4 
inches to 8 feet across. There are three types of pods; 
hcmogenous types with no mineral zones developed, layered 
types with mineral layers developed, and concentric types 
with mineral zones developed. The primary minerals are 
diopside, grossular garnet, plagioclase, sphene, wollaston-
i t.e 1. and pcscibly some calcite, and quartz. From strikes 
and dips of relict bedding in pelitic horn.fels and from 
the broken, fra.ctured, and jumclad nature of calc-silicate 
ii 
pods deformation of the Virginia Formation appears intense. 
The "reaction" rims are dark gray, fine-grained, and up to 
3 inches wide. They are composed of plagioclase, hyper-
sthene and poikiloblastic clinopyroxene giving a composi-
tion intermediate between the pelitic hornfels and calc-
silicate pods. The protolith of the pelitic hornfels ap-
pears to be a calcareous argillite and the calc-silicates 
a siliceous dolomitic limestone. The pods are believed to 
have originally been calcareous ccncretior .. s in argilli te 
with some being pieces brought up from the calcareous zone 
at the top of the Biwabik Iron Formation. The "reaction" 
rims developed after deformation took place, as they sur-
round broken and fractured. pods, and formed from dif:fusion 
of calcium from the pods into the pelitic hornfels. 
The metadiaba.se dikes are dark gray, fine-grained, 
and massive. They are composed of lathy plagioclase, au-
gite, and hypersthene. A relict ophitic texture is evident 
and relict plagioclase phenocrysts have been resorbed. 
Sulfides consist of pyrrhotite, exsolved pentlandite, 
and chalcopyrite in pelitic hornfels and chalcopyrite with 
exsolved cubanite in calc-silicate pods. Minor ilmenite 
and magnetite is present in the sulfides. Alteration con-
sists o:f ural.:".tization of pyroxenes and serici tic and }:ao-
lini tic alteration of plagioclase. calcite, apc-
phyllite, anhydrite, fluorite, heulandite, laumontite, and 
prehnite are gangue minerals. This emplacement occurred 
iii 
after the main metamorphic event and formed by hydrothermal 
replacement. 
Based on the primary mineral assemblages present, the 
rocks fall in the pyroxene hornfels facies. The presence 
of plagioclase and wollastonite in the calc-silicate pods 
give a minimum temperature of 600 degrees Celsius at 2 
kilobars pressure9 and a mole fraction of co2 in the vapor 
phase less than 0.25. An increase of albite in plagioclase 
can lower the temperature of the reaction forming plagio-
clase and wollastonite, and could cause the plagioclase 
and wollastonite to disappear with quartz and calcite stableo 
From the presence of laumontite, an upper limit of 
350 degrees Celsius at 2 kilobars pressure can be given 
for the sulfides e:mplaced hydrothermally. A bottom tempera-
ture ranging from 250 to JOO degrees Celsius can be given 
by the presence o;f exsolired cubanite in chalcopyrite. 
TABLE OF CONTENTS 
ABSTRACT • • • • • • • 1 .- ci • • • e • • • • • • • • • • • • • • • • • • • • • • • • • 
TABLE OF CONTENTS • • • a • • • • • • • • • • • • • • • • • • • • • • • • • • 
ILLUSTRATIONS ............................ c •••••• 
TABLES • • • • • • • • • • • • w • • • • • • • 9 • • • • • • • • • • • • • • • • • • • • 
PLATES a • • • • • e • • • • • • • • o • 1 • a • • • • • • • • 1 • • • • • • • • • • • 
IN'rRODUCTION I 0 e I e e I I I • I I I I I I e e • I t I I I I I a I I I I I 1 I I 
REGIONAL GEOLOGY • • • • 0 • • • • • • • • • • • • • • & • • • • • • • • • • 
Ge!"1eral Statement •• e •••••••••••••••••••••• 
Lower Precambrian Rocks 
Middle Precambrian Rocks •••••••••••••••••• 
Upper Precambrian Rocks 
Cretaceous and Quaternary••••••••••••••••• 
GEOLOGY OF THE BABBITT AREA 11•1 t•IOlllO<tllllllll 
General Statement ••••••••••••••••••••••••• 
Biwabik Iron 
Virginia Formaticn 
Diabase Dikes and Sills ••••••••••••••••••• 
Duluth Complex 
GEOLOGY OF MINNAMAX . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
STATEMENT OF THE PROBLEM " i ••••••••••••••••••••• 
Related Work en Calcareous Concretions . , .. 
Approaches Used 
MINERALOGY OF TP..E COUNTRY ROCKS ••••••••••••• 'O •• 
General Statement ••••••••••••••••••••••••• 
Felli;ic Hornfels ••••••••••••••<>••••••••••• 
"Reactio.n" Rims • o .... ••••••••••••••••••••• 
Cale-Silicate Pods 
rv1e tad ia base • I I e I D e a • o 0 0 .. D 0 • e • I 0 • I • 4 o 0 0 0 • 4 
Sulfides ••••••c••••••••••••••••••••••••••• 
Gangue Mineralogy ................. ........ . 
INTERPRE'r.ATION OF LITHOLOGIES ••••••••••e•••s••• 
Pelitic Hornfels 
nReaction" Hims 
e e e I e I I 4 9 t • a e • • I e e. I • I I 



































. . . . . . . . . . . . . . . . . . . . . . . 




CONDITIONS OF MET..4.MORPHISM ••••••••••••••••••••• 46 
General Statement••••••••••••••••••••••••• 46 
Metamorphic Assemblages in the Cale-Silicate 
Pods ••••••••••••••••••••••••••••••••••• o • • 48 
Conditions of Sulfide Emplacement •••o••••• 53 
CONCLUSIONS • I • • • • • I I • • • • r • • I • • • • • • • • I • • I • • • • • 




1. GENERALIZED GEOLOGIC MAP OF NORTHEASTERN 
MINNESOTA ••• " ••••••••••••••• •-• • • • • • • • • • • • • 2 
2. GENERALIZED GEOLOGIC MAP OF EASTERN MESABI 
•••••• ., ••••••••••••••••••••••••• o •• o • .3 
J. VIRGINIA FORMATION•••••••••••••••••••••••• 4 
4. METADIABASE DIKES ••••••••••••••a•••••••••• 4 
). DEFORMATION OF THE VIRGINIA FORMATION ••••• 18 
6. "REACTION" RIMS ••••••••••••••••••••••••••• 18 
7. DULUTH COMPLEX•••••••••••••••••••••••••••• 19 
s. 
10. 
PHOTOMICROGRAPH OF PELITIC HORNFELS 
PHOTOMICROGRAPH OF PELITIC HORNFELS 















PHOTOMICROGRAPH OF "REACTION" RIMS. 
PHOTOI't'!ICROGP.APH OF "REACTION" RIMS 
• e I • e e I • 
•••••••• 
PHOTOMICROGRAPH OF CALC-SILICATE POD ....... 
PHOTOMICROGRAPH OF CALC-SILICATE POD •••••• 
PHOTOMICROGRAPH OF CALC-SILICATE POD .•••••• 
PHOTOMICROGRAPH OF CALC-SILICATE POD •••••• 
FHOTONIICROGRAPH OF CALC-SILICATE POD •••••• 
PHOTOMICROGRAPH OF METADIABASE DIKE ••••••• 
PHOTOMICROGRAPH OF METADIABASE DIKE ..... ., . 
21. POLISHED SEC.TION OF STILFIDES IN PELITIC 
HORN FELS ······••11•••••8•••Q'f•••••········· 











POD .,. • \} •••••• 1 .. 0 ••••• ' •• ' • G •••••• ' • • • • • • • • • J6 
vii 
23. PHOTOMICROGRAPH OF ALTERATION IN PELITIC 
HORNEELS ••• e ••••• •••••••••••••••••• , • • • • • • 37 
24. POLISHED SECTION WITH SULFIDES AND ASSOCIATED 
BIOTITE ••• c ••••••••••••••• , .- •••••••••••• c , 38 
25. PHOTOMICROGRAPH OF ALTERATION IN A CALC-
SILICATE POD•••••••••••••••••••••••••••••• J8 
26. PHOTOMICROGRAPH OF ALTERATION IN A CALC-
SILICATE POD ••••••••••••• ••••••••••••••••• 39 
27. PHOTOMICROGRAPH OF GANGUE MINERALS IN A 
CALC-SILICATE POD ...... .-•••••••••••••o••••• 39 
28. PHOTOMICROGRAPH OF GANGUE MINERALS IN A 
CALC-SILICATE POD 41 
29. PHOTOMICROGRAPH OF GANGUE MINERALS IN A 
CALC-SILICATE 41 
JO. PHOTOMICROGRAPH OF GANGUE MINERALS IN A 
CALC-SILICATE POD ••••••••••••••••••••••••• 42 
Jl. CaO-Alz01-MgO-Si2C4 TETRAHEDRON SHOWING PRIMARY 
MINERAL ASSEMBLAGES IN THE COUNTRY ROCK ••• 44 
J2. ACF DIAGRAM SHOWING PRIMARY MINERALOGIES IN THE 
COUNTRY' ROCKS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 47 
JJ. ISOBARIC T-X DIAGRAM IN THE SYSTEM CaO-Alz01-
Si02-H20-C02 50 
J4. PETHOGENETIC GRID OF ISOBARICALLY INVARIANT 
REACTIONS IN CALC-SILICATE PODS 51 
J5. DIAGRAM OF REACTIONS WITH VARYING C02-SODIUM, 




1. MINERAL ASSEMBLAGES PRESENT IN THE CALC-
SILICATE PODS •• o.......................... 28 
2. PRIMARY MINERAL ASSEMBLAGES IN THE CALC-
SILICATE PODS • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 29 
PLATES 
Plate 
1. MAP OF CALC-SILICATE PODS IN THE VIRGINIA 
FO.RMATION, MINNAMAX DEPOSIT, ST. LOUIS CO., 
MINNESOTA •••••• c ••••• , •••••••••••••••••••• 
•••••• Inside Back Cover 
1 
INTRODUCTION 
The Minnamax Copper-Nickel Deposit, being investigated 
underground by Amax Exploration, Inc., lies five miles south 
of Babbitt, St. Louis County, Minnesota, at the eastern end 
of the Mesabi Range (Figures 1 and 2). The deposit formed 
in the contact zone between the Middle Precambrian Virginia 
Formation and the Late Precambrian Duluth This 
thesis concerns the contact metamorphism of the Virginia 
Formation and particularly the nature and origin of calc-
silicate pods therein. It is based on mapping and sampling 
of the underground workings at Minnaruax. 
At the Minnamax Deposit, the Virginia Formation has 
been metamorphosed to conditions of the pyroxene hornfels 
facies, was folded and faulted by, and occurs as xenoliths 
in the Duluth Complex. 
At this locality, the Virginia Formation is primarily 
a pelitic hornfels that is dark gray and fine-grained. 
Areas rich in calc-silicate pods occur in the pelitic horn-
fels. These are generally light gray, fine- to coarse-
grained, range in length from 4 inches to 8 feet, range in 
width 1 inch to 1 foot and are ellipsoidal to spherical 
(Figure 3) • 
.Metadiabase dikes and sills intrude the Virginia Form-
ation (Figure 4). These dikes and sills are similar in 
appearance to the peli tic hornfels. They are :rou .. l"l.ger than 
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Figure 2. Generalized geologic map of Eastern 
Mesabi Range (After Bonnichsen, 1908, 1975). 
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Figure 3. Virginia Formation in the Minnamax De-
posit. Dark gray, fine-grained, massive pelitic 
hornfels surrounds calc-silicate pods. Three types 
of pods are present: (a) homogenous, (b) layered, 
and (c) concentric 
.Figu:-e 4. dike showing; 
porph:r:rot.lasts up to 1 cm a.cress i.n a fine-grained 
dark gray matrix. 
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the Virginia Formation and, by virtue of their metamorphism, 
are older than the Duluth Complex. 
Sulfides occur in all lithologies but are particularly 
concentrated near the contact between the Virginia Formation 
and the Duluth Complex. Hydrothermal alteration has occur-
red where the sulfides were emplaced, thus the sulfides are 
believed to have been emplaced after the main metamorphic 
event. 
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REGIONAL GEOLOGY 
General Statement 
Rocks ranging in age from Lower to Upper Precambrian 
are found in Northeastern Minnesota. Major unconformities 
exist between each age group (Figure 1). 
Lower Precambrian Rocks 
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Lower Precambrian rocks of the Vermilion District are 
located north of the Mesabi Range and comprise the southern 
edge of' the Superior Province. They consist of metavol-
canic rocks, metagraywackes, and granitic rocks. In gen-
eral, they form alternating belts of granite and green-
stone. 
T!1e Ely Greenstone consists of' mafic to f'elsic volcanic 
rocks, commonly pillowed, that have been metamorphosed to 
facies. Overlying the Ely Greenstone are dacitic 
pyroclastics and volcanogenic sediments, consisting of inter-
bedded graywackes and mudstones. These comprise the Knife 
Lake Group in the east and the Lake Vermilion Formation in 
the west. Locally an iron formation, the Soudan Iron Form-
ation, occurs between the Ely Greenstone and the volcani-
clastic rocks. The Newton lake Formation, a mafic volcanic 
succession, confcrmably overlies part of the F.nife Lake 
Group. Locally mafic to ultramafic sills occur in the New-
ton La.ke Formation (Sims and Morey, 19 '72 ) • 
Three major granitic ba"'.;holi ths iz1trude the metavol-
canic-metase.d.imentary sequence. The Giants Range batholith 
7 
intrudes the southern edge of the district, the Vermilion 
batholi·th intrudes in the north, and the Saganaga batholith 
intrudes in the eastern edge of the district. These were 
emplaced during the Algoman Orogeny, which has been dated 
at 2,700 m.y. (Goldich, 1972). 
Middle Precambrian Rocks 
Middle Precambrian rocks, assigned to the Animikie 
Group, are found southeast of the Vermilion District. The 
Animikie Group is a sedimentary sequence varying in thick-
ness from 100 feet in the north to 15,000 feet in the south 
and forming a northeast trending, southeast dipping homo-
cline (Sims and Morey, 1972). 
The oldest rock of the Animikie Group is the Pokegema 
Quartzite. It is composed of quartzites, argillites, argil-
laceous siltstones, and conglomerates that thicken to the 
south from 1 inch to 20 1972). 
The Biwabik Iron Formation, on the Mesabi Range, and 
the Gunflint Iron Formation, on the Gunflint Range, consist 
primarily of ferruginous chert, termed taconite. The 
Biwabik Iron Formation is as much as 350 feet thick in the 
central Mesabi Range but thins both east and west to 200 
feet (White, 1954). The iron formation can be classified 
on the basis of texture as coarse-grained "granular" types 
and .fine ·-grained "slaty" types (Sims and Morey, !.972). 
The Virginia Formation, on the Mesabi Range, and the 
Rove Formation, on. the Gunflint Range, lie con.f'ormably on 
top of the iron formation. They consist of a succession 
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dark gray mudstones, siltstones, and graywackes with lesser 
quartzite, limestone, and iron formation. Total thicknesses 
are unknown but it is approximated to be several thousand 
feet. The lower several hundred feet is carbonaceous 
(Sims and Morey, 1972). 
Northwest-trending mafic dikes, cutting Lower Precam-
brian rocks but not Middle Precambrian rocks, provide a 
lower limit of 2,200 m.y. on the age of the Animikie strata 
(Hanson and Malhotra, 1971). An upper limit of 1,395 m.y. 
has been given on diabase dikes that cut the biwabik Iron 
Formation near Nashwauk, Minnesota (Sims and Morey, 1972). 
The Penokean Orogeny, that occurred approximately 
1,850 m.y. ago, deformed the sediments, with the most in-
tense deformation occurring to the south. In addition, the 
Penokean Orogeny metamorphosed the sediments, primarily 
to greenschist facies (Sims and Morey, 1972). 
Upper Precambrian Rocks 
Keweenawan rocks, formed approximately 1,100 m.y. ago, 
extend from Duluth, Minnesota to Pigeon River in extreme 
northeastern Minnesota. They consist of lava flows, assigned 
to the North Shore Volcanic Group, which are intruded by 
the Duluth Complex, the Beaver Bay Complex, diabase sills 
at Duluth, the Hoveland and Reservation River diabase com-
plexes, and the Logan intI'usives. 
The North Shore Group, unconformable on the 
Lower and Middle Precambrian rocks, consist of lava flows 
that are primarily basaltic in composition but include 
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intermediate to felsic volcanic rocks. They have the shape 
of a half-filled dish 150 miles long that is tilted gently 
to the southeast, toward the Lake Superior Syncline. The 
lava flows occupy two separate basins which are intruded by 
the Duluth Complex to the west and separated by the Beaver 
Bay Complex. The southwestern complex is about 2J,OOO feet 
thick and the northeastern complex is about 21,5000 feet 
thick. The older lavas at Nopeming, and in the Pigeon River-
Grand Portage area, overlie quartzite and appear to have 
been extruded in a subaqueous environment. Younger lavas 
are entirely subaerial with vesicular upper portions. The 
lava flews were buxied in Late Keweenawan time, subjected to 
greenschist and zeolite-facies metamorphism, tilted, and 
eroded (Green, 19'?2). 
The Duluth Complex was emplaced along the major uncon-
formity between Lower and Middle Precambrian rocks and Ke-
weenawan lava flows. The Complex is about 150 miles long 
and forms and arcuate body with the oldest rocks in the 
Complex occurring in northern Cook County. 
The Duluth Complex is a composite layered intrusion 
cons1sting dominately of older anorthosite and younger 
troctolite with minor granitic bodies. Local areas contain 
oxide-rich gabbro or two-pyroxene gabbros with evidence of 
crystal settling (Sims and Morey, 1972). 
The Beaver Bay Complex is dcminately an ophitic oli-
vine gabbrc with minor anorthosite. It connects· with the 
Duluth Complex to the northeast but its relations with sur-
rounding rocks are obscured · by glacial drift (Green, 1972). 
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The Logan intrusions consist mainly of diabase, por-
phritic diabase, and gabbro, with lesser basalt, granophyre, 
and intermediate rocks. These occur as sills and dikes 
(Craddock, 1972). 
The Pigeon River intrusions consist of equigranular 
olivine diabase and are primarily dikes. These dikes are 
younger than the Logan intrusions (Craddock, 1972). 
Early and Middle Keweenawan time probably was a period 
of crustal extension, leading to vertical fracturing, rising 
magmas, and downwarping of the crust. The igneous activity 
and subsidence at this time may represent an aborted contin-
ental rift (Craddock, 1972). 
Cretaceous and Quaternary 
Rocks of Cretaceous age, primarily iron-ore conglom-
. . 
erates, shales and sandstones are found unconformably on top 
of Middle Precambrian rocks of the western part of the 
Mesabi Range (Austin, 1972). Their extent may have been re-
duced due to erosion. 
Several periods of Pleistocene glaciation occurred in 
Northeastern Minnesota, the most recent being of Wisconsin 
age. The thickness of the drift is less than 100 feet and 
obscures outcrops and contacts of the underlying rocks . 
(Wright, 1972). 
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GEOLOGY OF THE BABBITT AREA 
General Statement 
The· oldest rock the area is the Giants Range batho-
li th of Archean age. It disappears beneath the Duluth 
Complex to the east. 
The Animikie Group lies unconformably above the Giants 
Range batholith. The Pokegema Quartzite is very thin and 
locally missing in the eastern Mesabi Range. The Biwabik 
Iron Formation is conformably overlain by the Virginia Form-
ation and metadiabase dikes and sills intrude both forma-
tions. The regional dip of these rocks is 10 degrees to the 
southeast. The Duluth Complex intrudes the Biwabik Iron 
Formation and Virginia Formation from the southeast. It 
truncates both .formations (Figure 2) and has caused contact 
metamorphism to pyroxene-hornfals-facies. 
Biwabik Iron Formation 
White (1954), Gunderson and Schwartz (1962), French 
(1964), Pfleider (1968), Bonnichsen (1968, 197.5) and Renner 
(1969) described the Biwabik Iron Formation in the eastern 
Mesabi Range as a ferruginous chert 0 to J.50 feet thick. 
It is subdivided into four stratigraphic units, from eldest 
to youngest: the Lower Cherty, Lower Slaty, Upper Cherty, 
and Upper Slaty Members (Wolff, 1917). 
The rocks in general have a granular texture due to the 
coarsened fabric from recrystallization. They consist of 
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four main mineral groups; quartz and chert, iron-rich 
amphiboles, iron-bearing carbonates, and iron oxides and 
hydroxides. The "slaty" members are fine-grained, laminated, 
and contain little iron oxide, such as magnetite. The 
"cherty" members are magnetite rich and contain abundant 
cherty taconite. 
Northeast of Hoyt Lakes, Minnesota (T.59N., R.14W.) the 
Biwabik Iron Formation shows a transition from relatively 
unmetamorphosed to metamorphosed taconite. French (1964.) 
delineated four mineralogical zones. Zone (1) occurs up 
10 miles from the Duluth Complex and is dominated by fine-
grained unaltered taconite consisting of quartz, iron oxides, 
iron carbonates, such as siderite, and iron phyllosilicates, 
such as chamosite, greenalii;e, minnesotaite, and stilpnome-
la.ne. Zone (2) occurs 10 to 2.6 miles from the Duluth Com-
plex and is rather similar to Zone (1) but secondary ankerite 
has developed. Zone (3), 2.6 to 1.7 miles from the Complex, 
is characterized by the appearance of cummingtonite and the 
disappearance of ankerite, siderite, and iron phyllosili-
cates. Zone (4), within 1.7 miles of the Complex, consists 
of highly metamorphosed taconite with iron-bearing pyroxenes. 
Other mineralogical changes as one approaches the Duluth 
CG>mplex include the reduction of hematite to magnetite, 
appearance of ferroa..11. calcite with cummingtonite, conversion 
of pyrite to pyrrhotite, development of fayalite, and of 
crystalline graphite from organic matter. The metamorphism 
is primarily isochemical, except for certain dehydration 
and decarbonation reactions (Bonnichsen, 1968, 1975). 
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The Upper Slaty Member in the eastern Mesabi has up to 
10 feet of calcareous rocks at the top, which grade into the 
Virginia Near the Duluth Complex, these are 
metamorphosed to marble and calc-silicate hornf'els, the 
latter bearing diopside, idocrase, wollastonite and gros-
sularite (Gunderson and Schwartz, 1962; Bonnichsen, 1968, 
1975). 
Virginia Formation 
Although there is little outcrop of the Virginia Forma-
tion, work has been done by White (1954), Gtmderson and 
Schwartz (1962), Bonnichsen (1968, 1975), Pfleider 
Handyman (1969), and Renner (1969). The descriptions come 
primarily :from drill core and from e:;::posures in open pit 
mines on the Mesabi Range. They found the Virginia Forma-
tion to be fine-grained, thinly to thickly bedded, dark gray 
argillite, argillaceous siltstone, and graywacke. It is 
interred to be JOOO feet thick. 
Iron-rich units near the base of the formation were 
reported by Pfleider (1968). These units consist of inter-
bedded argillite and gray-brown chert and siderite, are non-
magnetic and laminated. These could be related to the top of 
the Biwabik Iron Formation, as the contact between the two 
formations .is gradational. 
The lower several hundred feet of the Virginia Formation 
are characterized by calcareous and dolomitic concretions of 
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varying sizes and shapes. Some of these concretions show a 
well-developed cone-in-cone structure. In addition, carbon-
aceous layers are also present (White, 1954; Pfleider, 
1968). The remainder of this lower unit is composed of 
dark gray silty argillite and black carbonaceous argillite. 
These argillites grade upward into fine- to medium-grained 
graywackes, with beds ranging in thickness from 6 inches to 
5 feet (Pfleider, 1968). 
Towards the Duluth Complex the Virginia Formation is 
progressively metamorphosed attaining the pyroxene-hornfels 
facies. It is very fine-grained, dark gray, and is composed 
of plagioclase, orthoclase, cordierite, biotite, orthopyrox-
ene, and quartz (Gunderson and Schwartz, 1962; Bonnichsen, 
1968, 1975; Handyman, 1969). 
Diabase Dikes and Sills 
White (1954) and Gunderson and Schwartz (1962) report 
metadiabase dikes and sills in the eastern Mesabi Range as 
being dark gray, fine-grained, granofelsic rocks difficult 
to distinguish from metamorphosed Virginia Formation, al-
though some did show poikiloblasts of plagioclase. The min-
erals present are labradorite, augite, ilmenite, and lesser 
orthopyroxene. These , .minerals show metamorphic effects such 
as corroded mineral boundaries and resorbed labradorite 
poikiloblasts. 
The metadiabase did not show evidence of contact meta-
morphism of the surroun.ding rock, but was thov.ght to have been 
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itself by the Duluth Complex (Gunderson and 
Schwartz, 1962). 
Duluth Complex 
Anderson (1954), Gunderson and Schwartz (1962), Taylor 
(1964), Bon.nichsen (1968, 1975), Handyman (1969), and 
Weiblen and Morey (1977) worked on the Duluth Complex in 
the area of the eastern Mesabi Range. They found the Duluth 
Complex to be at least 15,000 feet thick and to be formed 
from multiple intrusions of mafic An older anorth-
ositic gabbro occurs at the upper part of the complex and a 
younger layered series of troctolite, olivine gabbro, felds-
pathic gabbrc, and syenogabbro occur in the lower part of 
the complex. 
The anorthositic gabbro is coarse-grained and contains 
75-90 percent labradorite, with some bytownite. Augite, 
olivine, and magnetite-ilmenite constitute the remainder of 
this unit. The layered series is medium-grained and has 
olivine as an important constituent along with labradorite, 
titanaugite, orthopyroxene, and magnetite-ilmenite in vary-
ing proportions. The banding shows effects of crystal 
accumulates from gravity settling and are consistent over 
large areas (Taylor, 1964). 
Sulfide mineralization, consisting of pyrrhotite, chal-
copyrite, cubanite, and pentlandite, occurs locally in the 
lower several hundred feet of the Complex (Hardyman, 1969; 
Bonnichsen, 1977). Concentrations of sulfides occur at the 
contact with the Virginia Formation. The sulfides in the 
Complex are interstitial, appear to be late syngenetic, 
and to have specific structural and lithologic controls, 
such as being concentrated in basins at the base of the 
Complex (Bonnichsen, 1972). 
GEOLOGY OF MINNAMAX 
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At Minnamax, the metamorphosed Virginia Formation and 
the metadiaoase dikes and sills that intrude it, form the 
country rock (locally termed the footwall) that was intruded 
by the Duluth Complex. The regional dip of the Virginia 
\ 
Formation is 5 4egrees southeast, steepening to JO to 50 
degrees at the contact with the Duluth Complex (Watowich, 
1978). The contact zone is exposed on the 1,700 foot level 
in four underground drifts totalling approximately J,800 
feet in length, 
·rhe Virginia Formation consists of a fine-grained, 
dark gray h.ornfels (Figure J), Relict bedding is found 
very locally and cannot be followed for more than J to 4 
feet. The bedding shows complex folding (Figure 5), pre-
sumably caused by intrusion of the Duluth Complex. 
Cale-silicate pods are present locally in the Virginia 
Formation. These are light gray, fine- to coarse-grained, 
spherical to ellipsoidal granofelsic bodies ranging in 
lecgth from 4 inches to 8 feet and width from 1 inch to 1 
foot. 1.I1hey may be classified into three types according to 
their macroscopic structures: (1) homogenous types with no 
apparent mineral layering, (2) layered :t-ypes with well-
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developed layers up to one-half inch in width, and (J) con-
centric types with mineral zones that follow the shape of 
the pod (Figure J). 
Dark gray, fine-grained granofelsic "reaction" rims 
enclose the calc-silicate pods (Figure 6). These "reaction" 
rims extend 1 to J inches into the pelitic hornfels and 
follow the shape of the enclosed calc-silicate pod. Mineral 
zones and layers and fractures abut against these "reaction" 
rims. 
Pre-Complex metadiabase dikes intrude the Virginia 
Formation. They are dark gray, fine-grained granofelsic 
rocks that are extremely difficult to distinguish from pel-
itic hornfels except where relict plagioclase phenocrysts, 
that are up to 1,5 cm in length, are found (Figure 4). 
The Duluth Complex has an irregular contact with the 
Virginia Formation, which also occurs as xenoliths in the 
Complex. The rocks of the Complex are dark gray, coarse-
grained troctolitic rocks with cumulate They 
consist of an earlier picrite to olivine gabbro that lacks 
sulfide mineralization and a later troctolite that has inter-
-stitial sulfide mineralization (Figure 7). This later phase 
is noritic at its base. The primary mineralogy of the 
Duluth Complex in the Minnamax Deposit consists of labra.dor-
ite, olivine, augite, minor orthopyroxene, magnetite, and 
ilmenite (Matlack, personal communication}. 
Granophyric bodies are present locally in the Virginia 
Formation. They light gray, coarse-grained and irregular 
··Figure 5. Deformation of Virginia Formation. 
Contorted relict ·nedding and calc-silic2.te pods 
are evident. 
J<'-i1Ture (..,_ ·':'1"'"l3." ·y, "'r.:: •·· '" fl" T'J •. ' " . ? _fnchf?:S· ... ..... ,-=' ...., • :..Ja . .J. f7;- ·' _ ..... c.ii...; _•A..v _ .LU - .... -- " 
across a caJ.c-'..d.lica te pod. Note 
sulfide mineralization i n the 
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Figure 7. Duluth Comulex in the Minnamax: 
Deposit. To the left-is the earlier 
eralized troctolitic phase and to the right 
is the later mineralized troctolitic phase. 
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in shape, ranging in thickness from 1 to 2 feet. They are 
composed of plagioclase, potassium feldspar, qUa.rtz, and 
biotite (Matlack, personal communication). 
Sulfide mineralization of magmatic origin is concen-
trated near the contact between the Virginia Formation and 
the Duluth Complex. These. sulfides are disseminated in 
the Duluth Complex, except in basins near the contact with 
the Virginia Formation. Sulfides are massive replacement 
deposits in the Virginia Formation and are absent in meta-
diabase dikes, except along fractures. Later hydrothermal 
remobilization of sulfides caused mineralization along faults 
and fractures in the Virginia Forma.tion and in calc-silicate 
pods. Pyrrhotite, chalcopyrite, cubanite, and pentlandite 
constitute the major sulfides present. Chalcocite and 
bornite are found locally in faults in the Virginia Formation. 
STATEMENT OF THE PROBLEM 
The purpose of this thesis is to describe the petro-
graphy of the country rocks at Minnamax, to .. interpret 
their origins and metamorphism, and to study the nature and 
origin of the mineralization associated with these rocks, 
Particular attention is paid to the calc-silicate pods in 
the Virginia Formation. 
Related Work On Calcareous Concretions 
The vast majority of work en calcareous concretions 
in the Animikie Group has been in the Thomson Formation, the 
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stratigraphic equivalent of the Virginia Formation in 
east-central Minnesota. The calcareous concretions are 
analogous to the calc-silicate pods in the Minnamax Deposit. 
Schwartz (1942) and Weiblen (1964) studied concretions 
in east-central Minnesota. They found the concretions to 
be composed primarily of quartz and calcite but, near the 
McGrath Gneiss, concretions with a calcite-epidote core and 
border were reported (Weiblen, 1964). 
Two types of concretions were reported: (a) those in 
coarse graywacke showing bedding continuous with the sur-
rounding rock and, (b) those in fine-grained graywacke-
slate which shows two structurally distinct zones, an inner 
bedded slaty material that is discordant with, and surrounded 
by, an outer zone with cone-in-cone structure of quartz and 
calcite (Weiblen, 1964). 
Schwartz (1942) noted that the concretions are elongate 
in the plane of cleavage. Most were found to be flattened 
ellipsoids with axial ratios of J:6:8 that ranged in length 
from 1 inch to J feet. 
These concretions are surrounded by rock that is poor 
in lime and are believed to have formed by diagenetic concen-
tration of lime by ground water (Schwartz, 1942). 
White {1954), (1968, 1975i, and Pfleider 
(1968) noted concretions in the Virginia Formation that are 
also composed of calcite and quartz and, where metamorphosed, 
contain garnet, wollastonite, and idocrase. Although the 
origin of the majority of these concretions was thought to 
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be similar to those in the Thomson Formation, White (1954) 
hypothesized that some of these bodies may. be related to the 
limestone at the top of the Biwabik Iron Formation. 
Approaches Used 
A total of 12 days was spent at the Minnamax Deposit. 
Seven days were spent underground collecting samples and 
mapping 450 feet of drift, at a scale of 1 inch to 10 feet. 
In addition drill core was studied, of which 10 feet was 
sampled, to augment the underground sampling. 
lJO thin sections and five polished sections were made 
for petrographic study. All rocks were stained for calcium, 
using Amarand, and for potassium, using sodium cobaltnitrate. 
MINERALOGY OF THE COUNTRY ROCKS 
General Statement 
The country rocks in the Minnamax Deposit, pelitic horn-
fels, calc-silicate pods, and metadiabase dikes, show effects 
of contact metamorphism from intrusion of the Duluth Complex. 
Later sulfide mineralization, and associated development of 
gangue minerals, has altered the primary mineralogy. 
Pelitic Hornfels 
The pelitic hornfels is dark gray, fine- to medium-
grainea . (0.5 - 2 mm), equigranular, and granoblastic. Poor-
ly plagioclase (40 - 60 percent), hypersthene (15 -
35 percent), and cordierite (10 - 20 percent) constitute the 
primary mineralogy (Figure 8). Subpoikiloblastic biotite 
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(O - 15 percent), granoblastic orthoclase (0 - JO percent), 
and interstitial graphite (0 - JO percent) are found local-
ly (Figures 9 and 10). The biotite was concentrated along 
fault zones, with some showing foliation (Figure 11). 
Minor amounts of apatite . occur as inclusions in plagioclase. 
"Reaction" Rims 
Occurring between the pelitic hornfels and calc-
silicate pods are black, granoblastic "reaction" rims, 
finer-grained than the peli tic hornfels. Untwin.n.ed to poor-
ly twinned plagioclase (50 - 70 percent), hypersthene (10 -
20 percent), and poikiloblastic clinopyroxene (10 - 20 
percent) make-up the mineral assemblages present in the 
"reaction .. rims (Figures 12 and 13). 
Cale-Silicate Pods 
The calc-silicate pods in the Virginia Formation are 
light gray to fine- to coarse-grained, granoblastic, 
and show local development of poikiloblastic minerals. 
There is a large variation in mineralogy in the pods (Tables 
1 and. 2). Of' the minerals associated with high-grade meta-
morphism diopside is ubiquitous and wollastonite, plagio-
clase, grossular garnet, idocrase, and sphene are common. 
Diopside (40 - 60 percent) forms pink "to green anhedral 
grains - 2 mm across, with moderate interference colors, 
a positive 2V, moderate relief, and inclined ex-
tinction (Figure !.4). It is concentrated at the rims of 
pods. 
Figure 8. Cordierite with sector twinning, poor-
ly twinned plagioclase and hypersthene in a peli-
tic hornfels. Sample A-112. Field of view is 2.5 
mm in diameter. Crossed polars. 
Figure 9. Granoblastic plagioclase, cordierite, 
and hypersthene. Biotite occurs as subpoikilo-
blastic grains. Minor ilmenite is opaque. Sam-
ple A-95. Field of view is 2.5 mm in diameter. 
Crossed polars. 
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Figure 10. Graphite rich zone in pelititc horn-
fels. Biotite is associated with the graphite. 
Plagioclase, 1hypersthene, and cordierite comprise 
the remainder of the mineralogy. A-26. 
Field of view is 2.5 mm in diameter. Uncrossed 
polars. 
Figm.4 e 11. Biotite Schist. Foliated b:i.otite with 
equigranular poorly-twinned orthc-
clase, and cordierite. Sample A-101. Field of 
view is 2.5 mm in diameter. Crossed polars. 
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Figure 12. Con ta.ct -oe tween calc-s i1ica te pod 
and :fine-grained "reaction" rim. Di ops ide, twin-
ned plagioclase, and poikiloblas t.ic q ua.rtz make 
up the pod. Granoblastic untwinned plagioclase 
hypersthene and clinopyroxene make up the "reac-
tion" rim. Sa.mple A-100-1. Field of Yiew is 
6 mm across. Crossed polars. 
Figure 13. clir.,cpJ:roxene at·.:r:md 
poorly ·twinned plagioclase in a "reaction" rlm. 
Hypersthe.ne occurs interstitially. Apatite ln-
clusions occur in plagioclase. A-85, 
Field of view is 2.5 mm. Crossed 
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Wollastonite (0 - 50 percent) forms white anhedral 
grains to subhedral blades 0.5 - 4 mm in length, and rarely 
poikiloblasts up to 1 cm across (Figures 14 and 15). rt 
is distinguishable from diopside by its lower relief and 
interference colors, from anorthite by its higher relief 
and interference colors, and from either by its negative 
2V of approximately 40 degrees. 
Anorthite (0 40 percent) forms white anhedral to sub-
hedral grains 0.5 - 2 mm across that may show Carlsbad or 
albite twinning (Figure 14). It has low relief, low inter-
ference colors, and a high negative 2V. It is most abun-
dant in the outer zones of the pods associated with dicp-
side. 
Grossular garnet (1 - 40 percent) forms light-green 
to white, anhedral to subhedral grains, 1 to 4 mm across 
(Figure 15). 
Idocrase was found to be a major constituent in the 
core of one sample. It is light-green, anhedral and poi-
kiloblastic around calcite (Figure 18). has high relief 
and is uniaxial negative, with an anomalous Berlin Blue 
interference color. 
Sphene (0 - 3 percent) forms brown anhedral grains 
that occur interstitially in pods (Figure 14). It is 
characterized by its very high relief, anomalous brown color 
































1-'.ineC'al I:1 ?oc!s 
Cc ·Gt .. s;> ... ·::O 
Dp•?l ·S;J•::o 
r\:"l.•vO •r l •';1':.l 
Cc+cP .. G:: .. :-:u · La•Q ... .. Gt •'.io 
•S:l -+:·:o 
,\n .. c(: ... 09 ... ... Q+";ic . 
.;o•Oo•Q+'.!o 





Cp ... Gt•S;:• ';:o 
• : •.S;:>•',.;o 
.... wo 
L::°;'.}+C..•'::o . 
>.:i+C;>•..: .. ·.:o 
D;l +G: 
C;:>•Gt .. ..... 
An .:::C .:::.=:so 
cc.::i;i·C···.-:o 















Cc: •Ll;HP l +Q .;·!o 
Dp+Gt+G+ '.·!o 
Table 1. Primary and Secondary mineral assem-
. blages present in calc-silicate pods. An-
anhydrite, Ap-apophyllite, Cc-calcite 1 Dp-
diopsidep Fl-fluorite, Gt-grossularite, La-
laumontite, Pl-plagioclase, Pr-prehnite, 
Q-quartz, Sp-sphene, Wo-wollastonite. 
Zones 1, 2, and J refer to the cores, inter-
mediate zones, and outer zones, respectively. 
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Table .2. Prima.ry minera.l assemblages present in 
Calc-s ilica te pods. Cc-calcite, Dp-diops id.e, 
grossularite, Pl-plagioclase, Sp-sphene, Wo-
wollastonite. 
Zones 1, 2, and J refer to the cores, intermediate 
zcnes, and outer zones, respectively. 
Figure 14. Granoblastic poorly twinned plagio-
clase, diopside, wollastonite, and sphene in a 
calc-silicate pod. Some wollastonite is poikil-
oblastic. Sample A-80* Field of i,'liew is 2.5 mm. 
Crossed polars. 
Figure 15. wollastoni t e in a 
calc-silicate pod. Diopside occurs intersti-
tially and as inclusions in wollastonite. 
Sample A-100. Field of view is 2.5 mm. 
Crossed polars. 
Figure 16. Subhedral garnet ',lfi th wollastoni te 
diopside, and subpoik.iloblastic in a 
calc-silicate pod. Sample A-88. Field of view 
is 2.5 mm. Uncrossed polars. 
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Figure 17. From left to right (outer- zone to 
core), di ops ide, ::-.1 tered anor·thi te ( da.rk), d.iop-
s ide-anorthi te, garnet (dark), diopside, garnet 
and wollastoni te zones in a calc-·silicate pod. 
Sample A-1. Field of view is 2.5 min. Crossed 
polarss 
Figure 18, Poikilcblastic idocrase with in-
clusions of calcite in a calc-silicate pod. 
Diopside and wollastonite occur on the edge. 





Metadiabase dikes are dark gray, fine- to medium-
grained (0.5 - 3 mm), equigranular, and possess a relict 
ophi tic texture (Figure 19) • Cloudy white plagiocla.se 
relict phenocrysts, up to 1 cm in length, are locally 
to be found (Figures 4 and 20). 
The primary mineralogy consists of labradorite (JO -
70 that is commonly subhedral ahd lath-like with 
well de,reloped albite twinning, hypersthene (10 - 15 
percent), and augite (O - 15 percent). Apatite (0 - 2 
percent) forms subhedral to euhedral inclusions in labra-
dori te. Ilmenite-magnetite was found in trace amounts 
and was interstitial. 
Sulfides 
Later sul:fide emplacement, primarily by hydrothermal 
replacement, has occurred in the calc-silicate pods and 
surrounding "reaction" rims and pelitic horn:fels . The meta-
diabase dikes are generally barren except along fractures. 
This sul:fide emplacement is locallized, minor, and after 
the magmatic sulfide emplacement that occurs at the contact 
between the Virginia Formation and the Duluth Complex. 
The most abundant sulfide in the pelitic horn±'els is 
pyrrhotite with exsolved lamellae of' pentlandite and minor 
inclusions of ilmenite and magnetite. Chalcopyrite has 
replaced pyrrhctite (Figure 21). 
Figure 19, Relict ophitic te:;.::ture in a meta-
diabase. Rypersthene and augite occur subpoi-
kiloblastically around lathy labradorite. 
Sample F:ial.d of view is 2.5 mm .. 
Crossed polars. 
Figure 2.0, Plagi•Jcl:?.se in ::netadiabase, re.J..ici; 
phenocryst is twinned. Recrys'tallized 
clase is un:twirined. Hypersthe.ne £ .. nd augi ta cc-
cur intersti·tially or as inclusions i!'l labrador-
i te. Sample A-98. Field cf view is 2.5 
Crossed polars. 
J5 
The calc-silicate pods contain chalccpyrite with ex-
solved lamellae of cubanite (Figure 22) with minor inclu-
sions of magnetite present. No pyrrhotite was found in 
the pods. 
In metadiabase dikes pyrrhotite appears to be present 
in small amounts. 
Gangue Mineralogy 
The type of gangue minerals, and associated alteration, 
varies as to the lithology. In the pelitic hornfels sur-
rounding the calc-silicate pods, plagioclase showed seri-
citic alteration (Figure 23) with local uralitization of 
pyroxene. Biotite is associated with some sulfides (Figure 
24). Quartz, found interstitially and as fracture fillings 
appear to be the primary gangue mineral in the hornfels. 
In the calc-silicate pods, plagioclase shows sericitic 
and kaolinitic alteration (Figure 25). Minor uralitization 
of diopside is evident (Figure 26). 
The primary gangue minerals in the pods are poikilo-
blastic calcite, quartz, and apophyllite occurring in 
amounts up to 20 percent (Figures 27 and 28). No signs of 
disequilibrium can be seen with minerals that are in con-
tact with these gangue minerals. The minerals are easy to 
distinguish petrographically from one another.. Calcite has 
local development cf rhombchedral cleavage, variable relief, 
and high Quartz is clear, has low re-
lief and low interference colors. Apoph.ylli te is .white and 
has an anomalous brown-gray interference color. 
Figure 21. Chalcopyrite replacing pyrrhotite 
in pelitic hornfels. Sample A-60 . Field of 
view is 2.5 mm. Crossed polars. 
Figure 22. Laruellae of cubanite exsolved in 
chal copyrite i n a calc-silicate pod . 
Sa.mple A-1HL Field of view is 2 a5 mm. 
Crosared polars. 
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Figure 23. Sericitic alteration of plagioclase 
in pelitic hornf'els. Sulfides are opaque. 
Sample A-100. Field of view is 2.5 mm. 
Crossed :polars. 
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Figure 24. Biotite occurring at grain boun-
daries between pyrrhotite and plagioclase in 
pelitic hornfels. Sample A-50. Field o:f view 
is 2.5 mm. Uncrossed polars. 
F:lgure. 2.5.. Kaoli.nitic alteration o.f plagio-
:r.n a ca.le-silicate pod. Diopzd.de is un-
altered. Sample A-100. Field. of view is 2.5 
mm. Uncrossed polars. 
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Figure 26. Minor uralitization of diopside with 
opaque sulfides in calc-silicate pod. Sample 
A-88. Field of view is 2.5 mm. Uncrossed polars. 
Figure 27. Calcite and q•iartz occurring poi-
k iloblastically around diopside. Opaques are 
sulfides. Sample A-104. Field of view is 2.5 
mm. Crossed polars. 
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Gangue minerals that occur in amounts from O - 5 
percent are anhydrite, fluorite, heulandite, and prehnite. 
Anhydrite is clear with low relief and moderate interfer-
ence colors • . It is found interstitially as subhedral, 
radiating crystals and occasionally as euhedral grains up 
to 1 cm in length. In some samples, it to be re-
placing wollastonite (Figure 29). Fluorite is found as 
purple subhedral inclusions in quartz (Figure JO). It is 
associated with fine needles of wollastonite, that also 
occur as inclusions in quartz and apophyllite. Heulandite 
(and laumontitaj occur as subhedral, platy grains with low 
relief and low interference colors. They occur as inclu-
sions in quartz (Figure 28). Minor prehnite is found as 
fracture-fillings associated with anorthite. 
Figure 28. Poikiloblastic apophyllite around 
quartz and diopside. Inclusions of'heulandite 
and laumontite occur in quartz. Sample A-71. 
Field of view is 2.5 mm.. Crossed polars. 
Figure 29. Anhydrite occurring interstitially 
between diopside and partially replacing wo.1.-
lastoni te in a calc-silicate pod. Sample A-80. 
Field of view is 2.5 mm. Crossed 
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::?igure J0. Purple f l uorite and needles of wol-
1astoni te occurring as inclusions in poiki1.o-
blastic quartz in a calc-silicate pod. Quartz 
is in contact with garnet' and wollastonite. 
Opaques are Sample A-88. Field of 
view is 2.5 mm. Uncrossed polars. 
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INTERPRETATION OF LITHOLOGIES 
Pelitic Hornfels 
The mineral assemblage -: plagioclase-hypersthene-
cordieri te indicates a composition relatively low in alum-
inum relative to calcium, iron, and magnesium (Figure 32). 
The protolith is believed to be a calcareous argillite. 
Biotite and orthoclase occur in potassium-rich Virginia 
Formation. 
The large variation in strikes and dips of relict bed-
ding in the pelitic hornfels and the jumbled appearance of 
calc-silicate pods suggest that the Virginia Formation was 
severly deformed as a result of emplacement of the Duluth 
Complex. 
"Reaction" Rims 
The occurrence of "reaction" .rims around fractured or 
broken calc-silicate pods indicates that the intense de-
formation occurred before the formation of the rims. 
The "reaction" rims have a mineral assemblage inter-
mediate the pelitic hornfels and calc-silicate pods, 
plagioclase-clinopyroxene-hypersthene (Figure Jl). Thus 
the rims are believed to have formed during the main meta-
morphic event largely as a result of the diffusion of cal-
ciUi"n from the calc-silica te pods into the pe li tic horn:fels. 
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Figure J1. tetrahedron 
showing primary mineral assemblages in the 
country rock. 
Cale-Silicate Pods 
The calc-silicate pods were present before the main 
metamorphic event, as seen by the formation of the "reaction" 
rims. These pods are believed to be metamorphic equivalents 
of the calcareous concretions in the Virginia Formation, 
described by Pfleider (1968), and in the Thomson Formation, 
as described by Schwartz (1942) and Weiblen (!964), based 
on the similarity in shapes and composition. In addition, 
pieces from the calcareous zone at the contact between the 
base of the Virginia Formation and the top of the Upper 
Slaty Member of the Biwabik Iron Formation, that were 
brought up from intrusion of the Duluth Complex, may be 
present. 
No clear evidence was found to explain why three types 
of pods, concentric, homogenous, or layered, formed. They 
all occur together and have no major mineralogical differ-
ences. 
Although quartz and calcite are known to be gangue 
minerals associated with the mineralization (p. JS), the 
extent to which either was present prior to mineralization 
is not known. Therefore, the assemblages are presented 
two tables. Table 1 lists the total mineral assemblages 
present in the pods, and Table 2 a conservative ..inter:i;>re-
-ca;;ion of the primary mineral assemblages that were present, 
on the limiting assumption that all calcite and quartz is 
related to sulfide emplacement. Thus, conservatively, the 




The metadiabase dikes intrude the Virginia Formation, 
but were metamorphosed by the Duluth Complex. A precise 
age cannot be given. They could be related to Middle Pre-
cambrian diabase dikes present in the eastern Mesabi 
Range (p. 8) or may be related to Keweenawan igneous ac-
tivity. The typical assemblage therein is plagioclase-
augite-hypersthene. 
CONDITIONS OF METAMORPHISM 
General Statement 
The ACF diagram (Figure 32) shows, to a first approxi-
mation, the common assemblages in the pelitic hornfels 
(plagioclase-hypersthene-cordierite). "reaction" rims and 
metadiabase (plagioclase-clinopyroxene-hypersthene), and 
calc-silicate pods {plagioclase-clinopyroxene-wollastonite). 
This indicates metamorphism under conditions of the pyroxene 
hornfels-facies. 
The pressure attained during metamorphism is assumed 
to be below 3 kilc·bars. If the whole North Shore Volcanic 
Group overlay the Virginia Formation at the time of emplace-
ment of the Duluth Complex, then the thickness would be on 
the order of 20,000 feet (Green, 1972) yielding a litho-
static pressure of approximately 2 kilobars. It is possi-
ble tha-.; the thickness was less than this due to "shingling" 
o:t the lavas, the contribution of the overlying Complex 










Figure 32. ACF diagram showing mineralogies present 
in calc-silicate pods, in the calcareous field, 
metadiabase dikes and "reaction" rims, in the mafic 
fieldp and pelitic hornfels, in the pelitic field. 
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rocks to the lithostatic pressure. Probably 2 kilobars 
is as close an estimate as is warranted by the available 
data. 
Metamorphic Assemblages in the Cale-Silicate Pods 
To examine the variation in assemblages in the pods 
at the culmination of metamorphism, the minerals that are 
obviously secondary; fluorite, apophyllite, heulandite, 
laumontite, prehnite, and anhydrite are This 
leaves calcite-diopside-garnet-idocrase-plagioclase-
quartz-sphene-wollastonite (Table 1). Diopside (virtually 
ubiquitous), sphene (common), and idocrase (one sample) 
involve components other than those in the system Ca0-
Al2o3-sio2-co2-H20. Thus the variation in mineral assem-
blages involves the remaining phases, calcite-garnet-
plagioclase-quartz-wollastonite (and vapor). These can 
be discussed to a first approximation in terms of the above 
system, assuming the garnet to be pure grossular and the 
plagioclase pure anorthite. 
Figure 33 is a T-X diagram of pertinent stability 
fields and reactions in this sodium-free system under iso-
baric conditions of 2 kilobars. If calcite and quartz are 
secondary-- the conservative case, then the assemblage 
anorthite + woJ.lastonite + grossular suggests a minimum 
temperature of 600 degrees Celsius with a mole fraction of 
co2 in the vapor phase being less than 0.25. The major 









No gehlenite was found indicating the maximum temperature 
attained was below 750 degrees Celsius. 
It is not certain that quartz and calcite are all 
secondary, and thus, one may consider quartz-calcite-
grossular-anorthite-wollastonite as possible culmination 
phases (along with a binary H2o-co2 vapor phase). In the 
system Ca0-Al2o3-sio-co2 -H2 0, in the presence of a vapor, 
an assemblage of three (or less) solid phases has a vari-
ance of three (,or-:·.more). Such assemblages of high vari-
ance are less dubious as approximate equilibrium assemblages 
than those of lower variance, and will be considered first. 
Figure 34 is a schematic T-X diagram showing iso-C02 
barically univariant reactions and divariant solid phase 
assemblages in the model system. JS out of 46 two and three-
phase assemblages in the calc-silicate pods (taken from 
Table 1) fall in Facies I.(anorthite-grossular-wollastonite), 
six fit Facies V (grossular-quartz-wollastonite), and two 
fit Facies IV (calcite-grossular-quartz). Ne three-phase 
assemblage anorthite-calcite-wollastonite or anorthite-
calcite-quartz has been found. Therefore conditions ap-
parently did not stray to the right of the breakdown of 
grossular (into Facies II or III). 
Figure 35 (Kerrick, et al., 1973) shows how increas-
ing albite in the system lowers the temperature of the 
reaction that for.ns wollastonite and plagioclase, and affects 
(.) 
0 ·-
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Xco 2 
o.zo 0.Z5 
.Figure . 33. Iso.baric T-X diagram for a por-
tion of the Ca0-Al2o3 -Si02-H20-co2 system. 
(Kerrick, et al., _1973). 
50 
. .. .,. . 
[Wo] 
Figure 34. Schematic petrogenetic grid showing 
isobarically univariant reactions and divariant 








Figure J5. Diagram showing reactions and min-
eral stability fields with changing C02, albite, 
content 0£ plagioclase and temperature (Kerrick, 
et a1.- 1973 ! • 
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the other reactions involving plagioclase. An isothermal 
section through this figure indicates that it is possible 
that the assemblages without plagioclase (grossular-quartz-
wollastonite and calcite-grossular-quartz in Facies IV and 
V) could be isothermal with assemblages of Facies I, but 
simply lower in sodium. 
The occurrence of diopside in all calc-silicate pods, 
and persistence of silicate minerals throughout pods, sug-
gest a siliceous dolomitic protolith. The modal increase 
of diopside at the pods' rims suggests diffusion of mag-
nesium into the pods from the pelitic hornfels and calcium 
out. 
Conditions of Sulfide Emnlacement 
The occurrence of hydrous alteration, with hydrous 
gangue minerals, and of sulfides replacing silicates indi-
cate that the sulfides in the calc-silicate pods, and sur-
rounding pelitic hornfels, were emplaced by hydrothermal 
replacement. From textural evidence (the primary metamor-
phic minerals are being replaced) this sulfide emplacement 
is believed to have occurred after the main metamorphic 
event. It should be emphasized that the bulk of sulfide 
emplacement in the Minnamax Deposit is magmatic. 
sequence of mineralization in the peli-
tic hornfels appears to be early crystallization of magne-
tite and ilmenite, formation of pyrrhotite, exsolution of 
and later replacement of pyrrhotite by chalco-
pyrite. No exsolved cubanite was seen in the samples studied. 
In calc-silicate pods, the sequence is crystallization of 
magnetite and ilmenite, formation of chalcopyrite, and 
exsolution of' cubani te in chalcopyri te. 
The minerals associated with the sulfides indicate 
formation at temperatures lower than the major metamorphism. 
The most notable examples are grossularite and quartz 
(Figure JO), in place of plagioclase and wollastonite at 
higher temperatures and calcite and quartz (Figure 27), 
which would form wollastonite and co2 at higher tempera-
tures (Figure J4). 
The occurrence of laumontite can be used to determine 
the upper temperature '. limit of sulfides emplaced hydrotherm-
Figure J6 (Liou, 1971) shows the stability field of 
laun1onti te. Assuming the li thosta.tic pressure was approxi-
mately 2 kilobars, the upper limit of laumontite is 350 
degrees Celsius in the sodium-free system. No wairwakite 
was found in the rocks. In addition, cubanite exsolves in 
chalcopyrite between 250 to JOO degrees Celsius (Ramdohr, 
1969). Thus the maximum temperature during emplacement of 
the sulfides and associated gangue minerals in the calc-
silicate can be given from 250 to 350 degrees Celsius. 
CONCLUSIONS 
The Virginia Formation in the Minnamax Deposit con-
sists of pelitic hornf'els that contains numerous calc-
silicat.e pods. Dark gray "reaction" rims surround all pods. 
Metadiabase dikes cut the Virginia Formation. These rocks 
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were metamorphosed to the pyroxene hornfels-facies and were 
intensely deformed by the Duluth Complex. Later hydro-
thermal replacement by sulfides occurred in the Virginia 
Formation. 
The pelitic hornfels was relatively low in aluminum 
relative to calcium, iron, and magnesium forming plagio-
clase-hypersthene-cordieri te with graphite. Local occur-
rences of potassium produced biotite and orthoclase. The 
protolith is believed to be a calcareous argillite. 
Three types of calc-silicate pods are present: 
(1) Homogenous types with a consistent mineralogy through-
out, (2) Layered types that show well developed layers of 
diopside, and (3) Concentric types with two or more mineral 
zones _ developed. The primary minerals are diopside, plagio-
clase, wollastonite, grossular garnet, idocrase, and sphene. 
It is uncertain, based on petrographic data, whether some 
calcite or quartz is primary. Diffusion of magnesiu.111 into 
the pods from the pelitic hornfels gave rise to high con-
centrations of diopside in the outer zones of the pods. 
The pods are thought to have been dolomitic con-
cretions in the Virginia Formation. In addition, some pods 
may be pieces of dolomitic beds brought up from the top of 
the Biwabik Iron Formation by the Duluth Complex. 
"Reaction• rims are intermediate in composition between. 
the pelitic hornfels and calc-silicate pods, consisting of 
plagioclase, hypersthene, and poikiloblastic clinopyroxene. 















Figure 36. Stability field of lau-
montite at varying temperatures and 
pressures (Liou, 1971). 
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hornfels from the calc-silicate pods. This occurred after 
the deformation as unbroken rims surrounding pods that are 
broken or fractured. 
Metadiabase dikes consist of labradorite, augite, hyper-
sthene, and minor apatite, and ilmenite-magnetite. A relict 
ophitic texture is well developed. Relict plagioclase 
phenocrysts are present as resorbed plagioclase. 
Using a sodium-free model, the presence of wollastonite 
and anorthite in the calc-silicate pods would indicate a 
minimum temperature of 600 degrees Celsius at 2 kilobars 
pressure with a mole fraction of co2 in the vapor phase 
being less 0.25. Consideration of the albitic component 
in the plagioclase would slightly lower this minimum temp-
erature. 
Sulfides, primarily pyrrhotite, chalcopyrite, pentland-
ite, and · cubanite, and associated gangue minerals were em-
placed by hydrothermal replacement after the main metamor-
phic event. An upper limit of J50 degrees Celsius, based 
on the presence of laumontite, and a bottom limit ranging 
from 250 to JOO degrees Celsius, based on exsolved cubanite 
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